Abstract: An incoherence Gaussian beam with divergence is converted to uniformity and collimation simultaneously at a desirable spot size requirement by using one Fresnel surface. The design process is simplified to one-dimension (1-D) with respect to the incoherence Gaussian beam having revolution symmetry. Such a 1-D Gaussian profile is divided into several parts from the center to the outside. The divided power corresponds to a height difference, i.e., to provide uniformity, the power to the corresponding height difference ratio is constant. The ray passing through the boundary of each part is regarded as the incident ray that would be refracted to run parallel to the optical axis through a piece of surface designed for implementing collimation. An incoherence collimated Gaussian beam is demonstrated to verify the conversion beam with uniformity and collimation simultaneously. The simulation results show that the uniformity is around 95% and the collimation is less than 0.1
Introduction
Increasingly more beam applications are available these days, but such initial beam profiles are not appropriate to use directly in applications. A beam shaping system, therefore, is placed behind the beam source to convert the power distribution into a desirable profile such as uniformity [1] , [2] . However, most of the application profiles (e.g., projector light source) are often required to produce uniformity and collimation simultaneously. This is the difficulty of the beam shaping design to result some optimizations [3] developed in uniformity and collimation.
The beam shaping always employs two surfaces, for uniformity and keeping the same optical path length (OPL) [4] - [7] . One surface is responsible for uniformity and the other for OPL keeping all the rays the same. The detector plane is placed behind these two surfaces. When one surface is employed to convert the power distribution into uniformity at the detector plane, the other surface, responding to all the rays on the same OPL tends to destroy the uniformity at the detector plane. Modifying the surfaces for the sake of uniformity would lead all the rays to be unequal on the OPL. Therefore, these two surfaces affect the uniformity and OPL of each other.
The common beam shaping system [4] - [7] is based on the beam source with a Gaussian power profile and collimation to derive the formulas of two aspherical surfaces, in the interests Fig. 1 . Ray tracing (a) transference between two spherical surfaces [12] and (b) refraction at a spherical interface [13] .
of uniformity and keeping the same OPL. Such a derivation could be limited from that the beam source must be collimated. A beam source with divergent or convergent emission could make it more difficult to obtain a desirable output profile. Recently, laser diodes have become popular for various applications. Serkan and Kirkici [8] , [9] derived two aspherical lenses to reshape a divergent elliptical Gaussian laser beam into a circular, collimated and uniform beam. However, the method cannot simultaneously transform the beam source into uniformity and collimation.
Another beam shaping system is based on the Fresnel lens [10] , [11] to convert the profile. Campillo et al. [10] investigated the Fresnel diffraction by circular apertures for beams commonly encountered in high-power laser systems. Rastani et al. [11] proposed a planar Fresnel microlenses to focus, collimate, and bend the individual laser beam. In this paper, either a collimated or a divergent beam source, however, can transform the Gaussian profile into uniformity and collimation simultaneously if the proposed method is applied. The demonstration of the proposal employs an incoherent Gaussian collimated beam that is based on a negative lens to expand the beam to a desirable spot size. As a result, a Fresnel surface with respect to the expanded beam profile is designed to give uniformity and collimation at the detector. The paper is organized as follows. Section 2 describes the ray tracing in a standard lens for beam power distribution. Section 3 illustrates how to construct a Fresnel surface for uniformity and collimation simultaneously. The simulation results are discussed in Section 4. Section 5 concludes this paper.
Beam Power Redistribution with Standard Lens
Beam shaping is undertaken to modify the power to meet a desirable power distribution. The size of the original power distribution is always different from that of the application requirements so that a standard lens is often employed to adjust the power distribution. A beam passing through the standard lens can apply the ray tracing method to estimate its new power distribution. The proposal applies two ray tracing processes. One is the transference process, and the other is refraction process [12] , [13] .
Transference for Real Ray Tracing
The standard lens consists of two spherical surfaces. A real ray transfers between these two spherical surfaces with the same material. Fig. 1(a) shows a ray transfer from the left spherical surface to the right spherical surface. There are two local rectangle coordinates with respect to these two spherical surfaces. The distance between these two local coordinates (or the thickness of the lens) is d. The intersection point of the ray and the left spherical surface is P −1 = (x −1 , y −1 , z −1 ). This ray following the direction cosine (L, M, N) would propagate to the x-y plane of the right spherical surface at point P 0 = (x 0 , y 0 , z 0 ), which is presented by the point P −1 , thickness d and direction cosine (L, M, N) as
The ray finally transfers to the right spherical surface at the point P = (x, y, z), that is
where will be derived later. The z shown in (2c) can also be represented as
where c is the radius curvature of the right spherical surface. From (2) and (3), we can obtain
where c(x 0 2 + y 0 2 ) is defined as F, and N − c(L x 0 + M y 0 ) is defined as G. The shown in (2) is finally expressed as
A ray transference process beginning from the point P −1 located on the left spherical surface can apply (1), (2) , and (7) in order to find the point P located on the right spherical surface. Although (6) can also be used to find the during the transference process, the difference between the term G 2 and the term cF is very great, resulting in a problem of numerical precision when running the simulation. Therefore, (7) is always applied in the transference process instead of (6) to improve the numerical precision.
Refraction for real ray tracing
A ray transfers in the same material, but it refracts at an interface between two different materials. Fig. 1(b) shows a ray refracting at the spherical interface from one material with a refractive index n to another material with a refractive index n . The incident and the refractive rays are regarded as unit vectors r = (L , M , N ) and r = (L , M , N ), respectively. Connecting the intersection point of the incident ray and the refractive ray to the center of the sphere is a normal line, which is expressed as a unit vector n. The relation for the incident ray, refractive ray and normal line obeys Snell's law, namely n r xn = n (rxn)
Using the vector n cross product to (8), we find n r − nr = n cos i − ncos (i ) n where i ' and i are the incident and refractive angles, respectively, as shown in Fig. 1(b) . The normal vector n in the spherical surface can be represented as
where c is the radius curvature of the spherical surface, and (x, y, z) is the intersection point of the incident ray and refractive ray. Given the incident ray r = (L , M , N ) and normal line n = (−cx, −cy, 1 − cz), the refractive vector r = (L , M , N ) is found by applying (9) . When a standard lens is employed to adjust the power distribution, using the transference and refraction processes can estimate the new power distribution. However, the standard lens is often employed to expand the size of the Gaussian beams.
Fresnel Surface Design to Convert Incoherence Gaussian Beam into Uniformity and Collimation
Although the standard lens can modify the power distribution, it is difficult, using only one standard lens, to produce uniformity and collimation simultaneously. A scheme is proposed to make a beam with a divergent Gaussian profile to produce uniformity and collimation simultaneously through only one Fresnel surface design, as shown in Fig. 2 . The original source is the required divergence. If the original source is collimated or has very small divergence, a standard lens can be placed behind the source to make it divergent. The rays of the divergent source would propagate from the material with the refractive index n 1 into the designed Fresnel surface with the material with the refractive index n 2 to realize uniformity and collimation simultaneously. The plan of uniform distribution is to organize the partial power distribution of the original Gaussian profile into an appropriate height difference. The Gaussian profile is presented as (11) where I 0 is the central irradiance, θ is the divergent angle, and σ is the variance. It is necessary to divide the original power distribution into several parts N with the power
where θ 0 = 0, and θ N is the boundary of the source. Two divergent rays with divergent angles θ i −1 and θ i would pass at the heights y i −1 and y i to form the height difference y i , as shown in Fig. 2 . The initial height, y 0 , is zero. When the divided power to the height difference y i ratio at the target line is constant, that is,
we can obtain uniform distribution. However, (13) is one of the conditions of this uniform distribution. It cannot form uniformity without collimation. The collimation method is follows Snell's law [14] 1 + n r 2 − 2n r (O · I)
where n r = n 1 /n 2 
Using (15), one can find the z i −1 to construct the line for collimation. A simple scheme is presented here to demonstrate the simultaneous uniformity and collimation which separates the same divided power, that is
If the desirable diameter of the output distribution is D, the corresponding height difference y i is 
where y 0 = 0. Notice that the output spot size can be controlled from (18a) by assigning the parameter D. The θ i is derived from (17) to give the same divided power. Using (14) and the θ i one can find the normal unit vector N and the point (y i , z i ) can be found from (18) and (16). Finally, the z i − 1 is found from (15) to construct the line for simultaneous uniformity and collimation.
Simulation results and discussions
An incoherent collimated Gaussian beam with beam radius 1.15 mm is used to verify the proposed method. The beam will be expanded to radius 5 mm so that a negative standard lens is placed behind the beam to respond to the ray's divergence. We applied (17) to find the N boundary positions with the same power. These positions are the ray tracing initial points. Using two transference processes and one refraction process, one can find N crossing points on the rear surface of the standard lens.
Regarding the rear surface of the standard lens, the Fresnel surface is designed to convert the incoherent Gaussian beam to uniformity and collimation. The radiuses of the standard lens in the paper are set at -1.25 mm and infinity for the front and rear surfaces, respectively. The thickness of the standard lens is 1 mm. The distance between the incoherent Gaussian beam and the standard lens is 10 mm. Fig. 3 shows the construction of the beam shaping that divides the incoherent Gaussian beam into five parts with the same power. We apply the commercial optical software Zemax to make the simulation. The input power is set at 1 W, and the number of the ray for analysis is 500 million. The number of pixels is set at 1000 × 1000 at the detector whose size and angle are from −6 mm to 6 mm and -1
• to 1 • , respectively, when the beam power distribution is divided into five parts with the same power (e.g., N = 5). Using the proposed method, one can find six pairs of points to construct the Fresnel lens for making the uniformity and collimation simultaneous. The coordinates of the six pairs of points of the Fresnel surface are listed in Table 1 . Fig. 4 shows the simulation result for N = 5. The collimation is defined from the angle of full width at half maximum (FWHM). The result shows that the collimation is about 1
• . However, the uniformity looks very bad. Still, when one divides the power distribution into more parts and creates more points for the Fresnel surface, the uniformity at the detector can be improved. Moreover, recalling the refractive points of the Fresnel surface for collimation, they are located at the end of the segment of the Fresnel surface, as shown in Fig. 5 . The refractive ray is the collimated ray. The ray1 shown in Fig. 5 is another refractive ray from the other end of the segment for the original Fresnel surface, making ray1 deviate extremely from the collimation. Therefore, a scheme is presented to modify the Fresnel surface for alleviating the ray's deviation from the collimation. The refractive points are the same; however, the two ends of the segment are different from the original one. The new y of one end of the segment is the coordinate of the refractive point plus half the distance from the refractive point to the next refractive point. We can apply (15) to find the new point for constructing the new Fresnel surface. The dash line shown in Fig. 5 is the new Fresnel surface; it has the result of alleviating the deviation of ray2 and ray3 from collimation. Fig. 6 shows the simulated result of using the modified Fresnel surface. The uniformity is greatly improved and the collimation is less than 0.1 o at the detector when the number of divided parts is 200. The output power from Fig. 6(a) is around 0.556 W at the detector. This implies that there is some power loss during the beam shaping process at the Fresnel surface. Let us observe the Fresnel surface. Fig. 7(a) shows the power distribution at the designed Fresnel surface. The rays between the angles θ i −1 and θ i would refract through the working segment to propagate at the detector. However, the rays between the angles θ i −1 and θ i −1 would refract through the lost segment and cannot arrive at the detector, as shown in Fig. 7(b) . Therefore, the lost power comes from the area of loss. It is more severe from the inside to the outside of the Fresnel surface because the lost segment becomes longer and longer. From (13) , the condition of the uniformity is that the difference of power over height is constant. When the Fresnel segment has more loss power, it is necessary to adjust the height difference to comply with the uniformity condition. We apply the geometric series to adjust the height difference, which is
and
where a is a real number between 0 and 1, and the coordinate y i is i j=1 y j . A hybrid structure is based on the modified scheme, but the height difference is according to the geometric series adjusted to make the output profile more uniform. One can construct a Fresnel surface that makes the power distribution more uniform at the detector. Fig. 8 shows the simulation result when a is set to 0.998. As can be seen, uniformity is significantly improved through using the geometric series. If we regard half of the width of the power distribution to evaluate the uniformity (that is, referring -2.5 mm to 2.5 mm), it is about 95% of the uniformity for minimum power over maximum power. The collimation is less than 0.1
• , and the power efficiency is 53.593%.
Conclusions and Future Works
An incoherent Gaussian beam with divergence is converted into uniformity and collimation at a desirable spot size by using only one Fresnel surface. The uniform condition is to make the partial power over height difference constant. It is necessary to divide the beam into several parts. Each part corresponds to a height difference that is regarded as constructing a surface for collimation according to Snell's law. We first averaged the beam power and the height difference to design the Fresnel surface, and later modified the Fresnel surface to balance the deviation of the rays. However, the loss segment of the Fresnel surface leads some rays to deviate extremely from the collimation, with the result that the height difference must be modified to satisfy the uniform condition. Adjusting the height difference on the basis of the geometric series can effectively improve the uniformity at the detector. As a result, only one Fresnel surface is needed to convert the power distribution to simultaneous uniformity and collimation. However, the uniformity and power efficiency can still be improved by modifying the structure of the Fresnel lens. Our future works are to find an approach to fit the segment power into the high difference and to reduce the loss segment as much as possible.
